The problem of streaming packetized media has been intensively studied for a long time. In this paper, we revisit this problem in the high-speed railway context, where passengers encode and upload videos through increasingly powerful smartphones. The challenge is highlighted by the fast changing channel conditions in high-speed trains and the limited battery of cell phones. Inspired by the unique spatialtemporal characteristics of wireless signals along high-speed railways, we propose a novel energy-efficient and rate-distortion optimized approach for video streaming. Our solution effectively predicts the signal strength through its spatialtemporal periodicity in this new application scenario. It then smartly adjusts the GOF budget, schedules the video transmission to achieve graceful rate-distortion performance and yet conserves the energy consumption. Performance evaluation based on simulated railway scenarios and H.264 video traces demonstrates the effectiveness of our solution and its superiority as compared to existing solutions.
INTRODUCTION
The problem of streaming packetized media has been studied for many years [1, 2, 3] . With the rapid development of broadband wireless networks and powerful smartphones, wireless video communication (e.g., Facetime [4] ) is gaining Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. To copy otherwise, to republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. more and more popularity in people's life. In this paper, we revisit the video streaming problem in the high-speed railway context, where passengers encode and upload videos through their wireless mobile devices.
Recent decades have witnessed the fast development of high-speed railway systems in many countries, such as Japan, France, China and so on [6] . The speed of the trains can be as high as 350 km/h and thus the travel time between distant cities has been significantly shortened. Coupled with this convenience, however, is the challenge to traditional cellular techniques. For example, the handover frequency will be very high without redesigning the base station deployment, leading to increased call blocking rate and call drop rate. The channel properties will change very quickly, which prevent the fast power control in WCDMA from accurately compensating for fading [7] . The Doppler shift will also be significant, which degrades the system performance. A lot of work has been done towards overcoming the difficulties mentioned above. Uhlirz [8] outlines the concept of a GSM-based communication system for high-speed Railway (GSM-R) and proposes to make some modifications to the standard GSM system. A linear coverage is preferred to area coverage to simplify handover. Frequency compensation is used to eliminate the Doppler shift. In order to provide broadband data services, satellite-to-Wi-Fi links have been combined for Internet access on the TGV trains in France. More importantly, satellite links have limited bandwidth and long round trip times, which make them not ideal for realtime applications, such as video streaming and video conferencing [9] . The GSM Digital Remote RF Units (GRRU) private network [10] has been deployed along the BeijingTianjin Intercity Railway. It can provide better communication quality and use fewer handover/reselection compared with existing techniques.
While these solutions improve the channel properties, we still face another key problem that band-intensive applications are very power-consuming in terms of data transmission and thus mobile devices will run out of power in a short time. This phenomenon is especially obvious when the signal is weak, since the transceiver needs to amplify the signal [11] . When mobile users are on high-speed trains, their cell phones will work under fast-changing signal strength, mainly caused by the varying distance between cell phones and base stations. Cell phones need to implement power control on the uplink to compensate for the fading effect such that the received power level at base stations will stay fairly constant [7] . With regards to this observation, we propose a novel dynamic rate-distortion optimization approach that smartly controls the video rate, together with a transmission scheduling according to the received signal strength. Given the periodicity of channels, this strategy remarkably saves the power on data transmission and yet achieve graceful degradation of video quality.
The remainder of this paper is organized as follows, In Section 2, we introduce some related work on energy efficient approaches in wireless and cellular networks. In Section 3, we propose the system model, formulate the optimization problem and describe our solution. Simulation results on video sequences is illustrated in Section 4. Section 5 gives some discussion and we conclude this paper in Section 6.
RELATED WORK
Existing techniques can already guarantee high-quality voice services for users moving at high speed. Yet providing high speed data transmission for people in fast-moving vehicles is still an open issue. The FAMOUS [5] architecture is proposed to offer multimedia services to fast moving users. For the train scenario, the authors propose to combine a Radio-over-Fiber (ROF) network with movable cells. Fokum and Frost [9] present a comprehensive survey of approaches for providing broadband Internet access to trains. They present a taxonomy of architecture according to access network technologies including ROF, IEEE 802.11, satellite and so on. They then compare various implementations in both Europe and North America and summarize the lessons we can learn from.
In the research field of wireless networks, the cross-layer design approach is proposed to achieve better system performance. In [12] , the authors summarize the challenges and principles of cross-layer wireless multimedia transmission and propose a new paradigm to improve multimedia streaming quality and reduce power consumption. Eric et al. [13] further explore a cross-layer design framework for real-time video streaming in Ad hoc networks. Signal strength can be viewed as the reflector of current channel properties. If we can predict the signal strength, adjustment can be made in advance. In [14] , the authors propose a long range online prediction method, which is location-independent. However, they only verify their method at walking speeds, where the signal strength does not change very fast. Power control is closely coupled with signal strength. It is especially important for uplink to keep the received signal strength level at base stations within slight variation. Without power control, we will see the so-called near-far problem in CDMA systems [7] . A lot of previous works have been done to implement efficient and accurate power control [15] . However, power control will significantly increase the transmission energy consumption when mobile users are far from base stations. The existing work [11] proposes to transmit less data when the channel is bad .
There have been significant studies on rate-distortion optimization for video streaming. Chou and Miao [1] formulate how and when to transmit a group of interdependent data packets with delivery deadlines in a rate-distortion way. He et al. [16] further add a power dimension to the rate-distortion model to perform online resource allocation and energy optimization. Eckehard et al. [17] present an adaptive media playout technique that adjusts the playout speed according to channel conditions to improve the tradeoff between buffer underflow probability and latency [17] . Our study has been inspired by these works; yet we focus on streaming from high-speed trains that creates new challenges.
SYSTEM MODEL
In this section, we first establish the energy model in the high-speed railway scenario. We then formulate the powerrate-distortion optimization problem and describe how to achieve energy efficiency dynamic rate control and transmission scheduling.
Energy model
Path loss model, which is important for link budget, has attracted the interest of many researchers. The basic model [18] is as follows:
where P L(d) is the average path loss value at distance d from a measured location to the transmitter; n is the path loss exponent, which depends on the environment; d0 is the close-in reference distance, and P L(d0) is based on either practical measurements or on a free space path loss model at distance d0 from the transmitter; Xσ is a zero-mean Gaussian distributed random variable (in dB) with standard deviation σ (also in dB), and is computed from measured data.
The above parameters statistically describe the path loss model. The path loss can be transformed from the measured received signal strength as [19] :
where Pr(d) and Pt (both in dBm) are the power level of received signal and transmitted signal, respectively; G is the antenna gain and P L other is the attenuation caused by other factors. G and P L other are constants for the same type of base stations. Equation (1) implies that the large-scale variation of path loss only depends on the distance from the transmitter. In real life, especially in metropolitan areas with dense buildings, the small-scale fading and multipath effect will cause rapid and significant changes in signal strength over a small travel distance or time interval. However, since most highspeed railways are constructed in suburban and rural areas that can be approximately regarded as open space environment, multipath effect can be largely neglected.
As mentioned in Section 2, power control needs to be implemented on cell phones to compensate for the variation of path loss. The power needed to transmit a bit at distance d is [21] :
where a and c0 are constants; n is the path loss exponent. For the sake of simplicity, in the remaining part of this paper, we only consider the former part on the right side of the above equation, ad n , as the transmission consumption and use c(d) to denote it. In practice, however, the distance can not be directly measured, so cell phones can adjust transmission power based on received signal strength. The ratio of transmission power at different places A and B is then given by:
where dA and dB are the distances from the transmitter at A and B, respectively. To better illustrate the fast-changing received signal strength and transmission power as well as the relationship between them, we now show a series of simulated results. Our simulation is based on the path loss model in open area in [19] , which is measured along the "Zhengzhou-Xi'an" high speed railway environment at the 930 MHz band:
The standard deviation of shadowing is chosen as 2.09. In order to reduce the construction cost and keep trains running at relatively constant speed, the high speed railway is almost a straight line in a considerably long segment. This construction strategy simplifies the evaluation of path loss along the railway. We give the Beijing-Tianjing Intercity Railway as an example in Figure 1 . This construction strategy simplifies the evaluation of path loss along the railway. In our simulation, we use a straight line to represent a segment of 35 km railway, along which 18 base stations every 2 km have been deployed. The straight distance between each base station and the rail is 150 m. We calculate the received signal strength every 10 m, and the transmission energy at each location is represented by the ratio of it to the minimum energy consumption along the this segment of rail. We use the ratio rather than an absolute value of power consumption because the ratio is independent of the types of base stations and cell phones that are used, and thus our model can work in general cases.
From Fig. 2 we can find out that the difference of received signal strength can be as high as 20 dB and thus the maximum transmission energy is over 100 times more than the minimum. The peaks in Fig. 2 correspond to the locations with the minimum distance of 150 m to base stations.
Problem formulation
A video sequence can be encoded into frames at different rates with corresponding distortion. The encoded data are packetized into a finite set of data units. The interdependency of data units can be represented by a directed acyclic graph. Each node of the graph corresponds to a data unit, and each edge directed from data unit l to data unit l means that data unit l must be decoded in order to decode data unit l. We use l ≺ l to denote this relationship. A sample dependence graph of a group of (IBPBP) frames is shown in Fig. 3 .
Figure 3: Dependency between IBPBP video frames
We use D0 to denote the distortion if no data unit is decoded, ∆D l the reduction of distortion if data unit l is decoded on time, and B l the size in bits of data unit l. For each data unit, let t1, t2, ..., tN be N discrete transmission opportunities and let tDT S be the delivery deadline. A transmission policy π = (π(1), π(2), ...π(N ) ∈ {0, 1} N is used to describe the transmission of a data unit, where π(i) = 0 means that the data unit should not be sent at opportunity i while π(i) = 1 means that the data unit should be sent at opportunity i if no acknowledgement packet was received from the feedback channel before ti. We define an error (π) for policy π as the probability that the data unit cannot be successful received before its deadline tDT S ,
where F T T is the forward trip time.
The cost ρ(π) for policy π is defined as the expected number of data unit transmissions, that is [22] ,
where RT T is the round trip time.
Here we do not make any particular assumption for the probability distribution of F T T and RT T . A shifted Gamma distribution, however, is widely used [1] .
The expected power consumption for transmitting data unit l is therefore,
where d(j) is the distance from the train to the base station at opportunity tj when data unit l is sent. We then consider the problem of rate-distortion optimized transmission of a group of interdependent data units. For the sake of simplicity, we consider a group of frames with the size of L and each data unit contains exact one frame. This GOF can be encoded in M different rates and each rate corresponds to a distortion. The transmission policy for the GOF is described by a policy vector → π = (π1, ..., πL), where π l , l ∈ 1, 2, ..., L is the transmission policy for the lth data unit of the GOF. The expected power consumption for transmitting this GOF is,
where B l (k), k ∈ {1, ..., M } is the size of data unit l when this GOF is encoded in rate R(k).
The expected distortion for the group is,
Our objective is to jointly optimize the policy vector to minimize the expected distortion subject to a constraint on the expected power consumption. We can solve the problem by finding the policy vector → π and the GOF rate allocation R that minimizes the expected Lagrangian, as in [1] J(
To minimize J( → π ) for a given λ and an arbitrary pair of (B l (k), ∆D l (k)), k ∈ 1, ..., M , we extends the Iterative Sensitivity Adjustment (ISA) algorithm [1] . The main idea is minimizing one variable at a time, while keeping other variable constant until convergence. For example, we can start from any initial policy vector
and determine the minimum J( → π ) as follows. Select one data unit ln ∈ 1, ..., L to find its optimal policy vector at step n. Then for l = ln, set π (12) where
We can find the optimal policy vector for all the M ratedistortion pairs. The policy vector and the rate-distortion pair with the minimum value of J( → π ) are selected to be the transmission scheduling and rate allocation for this GOF, respectively.
Signal strength prediction
The power consumption for transmitting bits at each transmission opportunity is closely related to the signal strength at that time as we mentioned before. We describe how to predict the signal strength prediction as follows.
We assume that the base stations are of the same type, and the environmental conditions have no significant change for a relatively long segment of railway, for example, tens of kilometres. Then the large-scale variation of the signal strength depends only on the distance from the cell phone to its connected base station. The cell phone first collects traces of received signal strength values at a constant frequency (In our experiment,we collected three periods of signal strengths to obtain the statistics such as the mean value and standard deviation). Since the train runs at a relatively constant speed, the period of variation T can be easily computed. Then we can have a coarse evaluation of the signal strength for the future. Suppose the current time is t1 and the received signal strength is P (t1), and the average received signal strength at the corresponding time in the collected traces (t − T, t − 2T...) is P (t1). We can use weighted sum (1 − α) * P (t1) + α * P (t1) as the prediction of the signal strength at time instance t1+T . We have validated the accuracy of this prediction method in Section 4. We also plan to exploit new technologies, such as electronic compasses and accelerometers, to further improve the prediction accuracy and we will further discuss it in Section 5.
PERFORMANCE EVALUATION
In this part, we perform simulations to evaluate our algorithms and also give some analysis based on the results. We use the experimental settings mentioned in Section 3. We use Matlab R2010b as our simulation tool. We ran each experiment 10 times, and calculated the mean value.
Signal strength prediction
We first show the accuracy of our signal strength prediction algorithm. By calculating the relative errors with different choices of α, we can choose the α with smallest error in our following simulation. We use the first three periods of values as the collected traces and calculate the average value at each point. The fourth period is regarded as the current value and is used to predict the corresponding value in the fifth period. α is chosen from 0 to 1 with an interval of 0.125. The simulation results with 95% confidence level are shown in Fig. 4 .
It is clearly that, with α = 0.25, the prediction algorithm produces the smallest relative error. Hence, we choose this value in the simulation.
Streaming quality and power consumption
We next evaluate Streaming quality and power consumption compared to a baseline strategy that encodes the video sequence into the highest quality and uploads the data units at the first possible transmission opportunity for different delivery deadlines. We first show the received video quality degradation of our approach which is measured by the As mentioned in Section 3.1, we calculate the received signal strength and energy radio of each location every 10 meters. We assume that both the signal strength and energy ratio will not dramatically change during the 10 meters. The time interval between two transmission opportunities is 100ms. We employ the QCIF size video sequence of Foreman and use JM 17.2 software of the H.264/AVC standard [23] to encode and decode it. The video sequence is encoded into 50, 100, and 150 kbps, and the corresponding PSNR are 34.8 dB, 38.58 dB, and 40.963 dB, respectively. The frame rate is 10 fps and we replicate the video sequence to 3 minutes. The structure of GOF is set of 10 frames with one I frame followed by nine P frames. We solve the optimization with the basic unit of GOF. The maximum transmission rate is 128 kbps and the mean RTT is 150ms. The transmission loss rate is set to be 10%. In the simulation, we randomly use the starting point to transmit and vary the delivery deadline from 1 to 5 seconds. With the fixed time interval of 100ms, the number of transmission opportunities varies from 10 to 50. With increased deadline, the number of transmission opportunities will also be increased. The results are shown in Fig. 5 and Fig. 6 . method by that of the baseline strategy to get the power saving ratio. We can see that with increased delivery deadline, both the distortion and transmission power consumption get reduced. The reason is that with more transmission opportunities, we can better exploit the signal strength prediction. Considering that the worst case complexity to solve (13) increases exponentially with the number of transmission opportunities, we suggest that delivery deadline around 3 seconds can achieve a good tradeoff between the distortionpower and the time needed to find the optimal transmission policy.
To get better results, we can encode the video sequence into more rate-distortion pairs. This method, however, would increase the computation complexity. Fortunately, we can get a approximate result by considering only a subset of ratedistortion pairs according to the signal strength prediction. To be precise, we can choose the pairs with higher rate when the signal strength is strong in the near future, and choose the pairs with lower rate when the signal strength is weak in the near future. We leave this as part of our future work.
DISCUSSION
In this section, we will discuss some practical issues worthy of noting.
First, the speed of trains is not absolutely constant. Instead, it can be increased and decreased, and can also have some fluctuations. The change of speed will affect the accuracy of signal strength prediction. GPS can be used to get the location information, but it consumes a lot of power to track satellites [11] . Due to the long propagation delay of satellite communication links and the high speed of trains, its error of localization can be very significant. Recently, novel localization approaches, e.g. [24] , thus have to be incorporated. Electronic compasses and accelerometers, which are readily available in modern cell phones, can also be utilized to figure the location information, which is more energy-efficient and accurate than GPS. We are currently examining to use accelerometers to track the speed change of trains, which can be used to obtain more accurate channel conditions. It could be also combined with the adaptive media playout technique to adapt the video playout speed to the speed change of trains.
Second, the distance between base stations may not be equal. To solve this problem, the mobile phone users go opposite directions can exchange the location information of base stations and the statistical information of signal strength. This can help to improve the prediction accuracy. These kinds of information can be embedded into the GPS map or saved in base stations and fetched by the passing by cell phones.
CONCLUSION
The rapid development of high-speed trains raises new challenges to cell phone vendors with respect to QoS management. The limited battery capacity and the increasingly popular bandwidth-intensive and power-hungry applications, such as files sharing and video streaming, attract a lot of researchers to address the power control problem to prolong the battery life. In this paper, by utilizing the construction feature of high-speed railways and the base stations as well as the motion feature of trains, we revisited the problem of rate-distortion optimized video streaming. In future work, we plan to further exploit the periodicity of the signal strength to design approximate algorithm to solve the optimization problem.
